Abstract. The Gravity Recovery and Climate Experiment (GRACE) satellite mission will resolve temporal variations in gravity orders of magnitude more accurately and with considerably higher resolution than any existing satellite. Effects of atmospheric mass over land will be removed prior to estimating the gravitational field, using surface pressure fields generated by global weather forecast centers. To recover the continental hydrological signal with an accuracy of 1 cm of equivalent water thickness down to scales of a few hundred kilometers, atmospheric pressure must be known to an accuracy of i mbar or better. We estimate errors in analyzed pressure fields and the impact of those errors on GRACE surface mass estimates by comparing analyzed fields with barometric surface pressure measurements in the United States and North Africa/Arabian peninsula. We consider (1) the error in 30-day averages of the pressure field, significant because the final GRACE product will average measurements collected over 30-day intervals, and (2) •he shor•-period error in the pressure fields which would be aliased by GRACE orbital passes. Because •he GRACE results will average surface mass over scales of several hundred kilometers, we assess the pressure field accuracy averaged over those same spatial scales. The atmospheric error over the 30-day averaging period, which will map directly into GRACE data, is generally < 0.5 mbar. Consequently, analyzed pressure fields will be adequate to remove the atmospheric contribution from GRACE hydrological estimates to subcentimeter levels. However, the short-period error in the pressure field, which would alias into GRACE data, could potentially contribute errors equivalent to 1 cm of water thickness. We also show that given sufficiently dense barometric coverage, an adequate surface pressure field can be constructed from surface pressure measurements alone.
Introduction
Most modern, high-precision geodetic measure•nents of time variable processes can benefit from accurate knowledge of atmospheric pressure. For example, precise space-based positioning methods (e.g., Global Positioning System (GPS), very long baseline interferom-is scheduled for a 2001 launch with a nominal 5-year lifetime. GRACE will consist of two satellites in low Earth orbit (an initial altitude of 450-500 kin) that range to each other across a few hundred kilometers of separation using microwave phase measurements. Onboard GPS receivers will determine the position of each spacecraft in a geocentric reference frame. The geoid estimate will combine the GPS location with ranging information and subtract out nongravitational accelerations measured by onboard accelerometers. The resulting data will map the gravity field orders of magnitude more accurately and to considerably higher spatial resolution than any existing satellite. GRACE will resolve temporal variations in gravity at length scales of a few hundred kilometers and larger, with accuracies of better than 1 cm of equivalent water thickness over land and of a few tenths of a millibar or better in ocean bottom pressure and will produce a complete global map once every 30 days. Temporal variations in gravity can be used to study a large number of problems in several disciplines, from monitoting changes in water, snow, and ice on land to determining changes in ocean bottom pressure to studying postglacial rebound (PGR) of the solid Earth. Comprehensive descriptions of these and other applications are given by Dickey et al. [1997] and Wahr et al. [1998] .
Contamination from the changing distribution of atmospheric mass will be the limiting error source for estimating changes in continental water storage at wavelengths greater than •300 km [Wahr et al., 1998 ].
Analyzed atmospheric fields will be used to remove the effects of the atmosphere over land from GRACE measurements prior to constructing the spherical harmonic coefficients of the geoid, which will be the GRACE final product. However, there will be errors in those fields which will then map into errors in GRACE residual hydrological estimates. The global RMS of monthly variation in continental hydrology is typically 3 cm of water and, locally, can be as much as 15 cm of water when averaged over circular areas of 300-km radius. In order to recover the continental hydrological signal with an accuracy of 1 cm of equivalent water thickness the atmospheric pressure needs to be known to an accuracy of 1 mbar (i.e., the atmospheric mass needed to generate 1 mbar of pressure at the Earth's surface is equivalent to the mass of 1 cm of water) [Dickey et al., 1997] . The atmospheric correction will not be applied to GRACE data over the oceans for reasons discussed by Wahr et al. [1998] , although the atmospheric pressure will be used (along with winds) to force the barotropic ocean model that will generate the combined bottom pressure effect for the ocean areas. However, in applications where both GRACE data and altimetric sea surface height are to be assimilated the atmospheric mass correction will have to be applied postprocessing to either the geoid or, more probably, the altimetric heights.
The main purpose of this paper is to estimate reliably the errors in analyzed pressure fields, which we approach by comparing to barometric measurements of surface pressure. Wahr et al. [1998] simulated errors in the pressure fields by taking the difference between 30-day averages of the pressure fields generated by the European Centre for Medium-Range Weather Forecasts (ECMWF) and those generated by the National Centers for Environmental Prediction (NCEP) and dividing that difference by v/• under the assumption that the fields are about equally accurate and that errors are uncorrelated. In fact, the ECMWF and NCEP pressure fields are likely to have errors in common, and these would not be included by Wahr 0  250  500  750  1000  1250  1500  1750  2000  2250  2500  3000 Topography (m) which will be undersampled by GRACE orbital passes and hence will not average out entirely. In this paper we will consider both components of the final error. A secondary objective of this paper is to verify whether or not an accurate surface pressure field can be constructed from surface pressure measurements alone.
Preliminaries
To motivate this analysis, we first describe the characteristics of GRACE data and how these data will likely be used to estimate surface mass variability. We also discuss here the data sets used in this paper.
Spatial Averaging
The Earth's global gravity field is commonly described in terms of the shape of the geoid: i.e., the equipotential surface corresponding to mean sea level over the oceans. The geoid can be expanded in a spherical harmonic representation as [Kaula, 1966] 
Here W has been normalized so that its global integral is 1, and r•t, is the distance along the Earth's surface at which W(?) has decreased to half the value it had at • = 0. We will refer to rw as the averaging radius.
GRACE measurements will deliver accurate estimates of Aa for values of r•v of a few hundred kilometers and greater.
Data
The main purpose of this paper is to estimate how accurately the atmospheric contribution to the timevariable geoid can be determined. To do this, we compare analyzed surface pressure fields from ECMWF and NCEP/NCAR with surface pressure observations. We also examine the possibility of using barometric measurements alone, without any input from the pressure fields generated by global circulation models, to repro- The analyzed pressure fields were compared with 6-hourly barometric surface pressure measurements from the N CEP global surface observations data set. N CEP collects these data on an operational basis to serve as constraints on environmental models, and some qual- measurements are subject to transcription and other errors which must be addressed. We used a semivariance.
analysis [Davis, 1986] is not necessarily to better describe the current state of the atmosphere but to serve as initial conditions for 10-day forecasts. Consequently, the guess field is weighted as much as or more than the observation to avoid initial "shocks" (i.e., unstable oscillations) in these forecasts. We will examine two different estimates of the error: (1) the RMS difference between model and observations averaged over 12 consecutive 30-day periods during 1998, and (2) the 6-hourly RMS difference (i.e., without time averaging) over that same year. Because the GRACE observations will spatially average the mass variations, we use the normalized averaging function I47 in (4) to spatially average the error. The 6-hourly RMS difference does not map directly into an error in the GRACE estimate of spatially averaged changes in surface mass because a high-frequency error in one region will not necessarily be aliased into a 30-day value over only that same region. Still, the 6-hourly RMS differences do provide some measure of the amplitude of the aliased signal. We expect our 6-hourly comparisons may overestimate the total error since the process of constructing 30-day GRACE values will presumably smooth out a significant fraction of the high-frequency contributions.
Calculation of the Atmospheric

Interpolation of Analyzed Pressure to Barometer Locations
The analyzed pressure fields are defined on a regular discretization over the globe, whereas the barometer locations are irregularly spaced. For this reason we horizontally interpolate the analyzed pressure fields to the barometer locations (or vice versa) prior to calculating the RMS difference between the two. For these comparisons we will consider interpolations going both directions (i.e., (1) from the analyzed field to the barometer locations and (2) Table 1 (Table 2 contains 
RMS Differences for the 6-hourly Values
The maps in Figure 8a -8d show RMS differences between the 6-hourly values of the barometric measurements and the analyzed fields at the barometer locations with no time averaging, using a 250-km Gaussian average. These maps provide information about the shortperiod errors that will alias into the GRACE 30-day estimates in addition to the long-period errors (_• 60 days) that will map directly into GRACE estimates of surface mass change. This RMS is significantly larger than the RMS of the 30-day averages shown in Figures 5a-5d. In the United States, low-relief regions typically have RMS < 0.5 mbar for both ECMWF and NCEP/NCAR data (Figures 8a and 8b) . The RMS differences between the analyzed fields and observations interpolated to the model grid points (Figures 6c and 6d) Table I gives map averages for the comparisons at the model grid points, which are 20-50% larger than those of the comparisons at the barometer locations. The RMS error of the 6-hourly fields of the two models (Figure 7d ) is generally smaller.
Error Sensitivity Analysis
We expect that some fraction of the differences we have found between the observations and the analyzed fields is due to interpolation error, which would cause our RMS differences to overestima[e the true error in the analyzed fields. In this section we discuss some of the possible sources of interpolation error for the particular case of interpolation from the analyzed field to the barometer locations. The sources of error that arise when interpolating the observations to the model grid points are similar.
Elevation reduction using (6) requires known elevations for the barometers and analyzed field grid. Errors in the elevations of t, he analyzed pressure fields are largely irrelevant because the model uses those elevat;,ons in its calculations of surface pressure, but catalogued elevations of the barometer sites can be significantly erroneous. We checked the barometer elevations by inverting (6) to solve for the elevation that best fit the pressure difference from the nearest model points, and we rejected those sites that differed by >20 m from the catalog elevation (<10 out of >400 sites were rejected). A sensitivity analysis of the error introduced by an incorrect elevation reduction indicates that a 500-m error in station elevation can increase the RMS with mean removed by as much as 1.3 mbar, whereas a 20-m error would increase the RMS by _< 0.02 mbar.
In addition to the elevation change, (6) also depends on the surface air temperature. Different temperature fields were used for the two models: for the NCEP/NCAR data we used the model temperature at 40 m above the ground surface, whereas for ECMWF we used a 2-m air temperature (because the 40-m temperature field was not available to us on the same grid discretization as the pressure field). Note that the 40-m air temperature is more appropriate for adjustment of the surface pressure to a new elevation using (6) because the 2-m surface temperature is subject to noise due to boundary layer effects over continents.
Sensitivity analysis of the error introduced by using an erroneous temperature field indicates that a bias error in temperature produces negligible change in the pressure RMS but that random errors can have a more significant effect. Random errors in the temperature field of up to 10øK will produce negligible changes in the Tables I and  2 with the "Gaussian Average" columns. Pressure in (6) also depends on the specific humidity (2 because T is in fact an approximation for T(1 + 0.6078(2) [Gill, 1982] . The error introduced by the implicit assumption that Q -0 could introduce up to 3øK RMS difference in equivalent temperature. Hence we expect that in low-relief areas the error introduced by variable Q is negligible, but in areas with high relief this can add several tenths of a millibar to the pressure RMS. To further test the dependence on specific humidity, we calculated RMS differences using T(1+0.6078Q) and surface Q from the analyzed fields. In low-relief areas the RMS differences changed negligibly from those using just T, but in high-relief regions they were actually slightly larger after correcting for Q. Given that water vapor in the atmosphere can change significantly on scales of a few kilometers, this would suggest that the model discretization is too coarse to adequately constrain (2 for purposes of altitude correction using (6).
We also examined the effect of a variable lapse rate. An empirical relation between lapse rate and temperature can be used in place of the 6.5øK kilometers -x lapse rate in (6) From this sensitivity analysis we conclude that errors introduced by interpolation of the analysis field to the barometer locations are negligible. In the worst case (i.e., using 2-m air temperature for reduction in highrelief regions) the contribution to the RMS difference is a few tenths of millibar, and so these errors can be neglected. in mountainous areas. Thus with an adequate barometer distribution it would be possible to reduce the atmospheric contamination of GRACE hydrology estimates to the equivalent of just a few millimeters of water. However, this comparison is perhaps overly optimistic in that it assumes no gaps in data. Also, if we were to instrument poorly constrained areas of the globe, perhaps a better alternative to using the pressure measurements directly would be to let NCEP and/or ECMWF incorporate the measurements into their operational database for assimilation into the analyzed fields and hence improve the models in those regions.
Discussion and Conclusions
The accuracy with which GRACE can map the Earth's gravity field is limited by several sources of error, including system noise error in the satellite-tosatellite microwave ranging measurements, accelerometer error, error in the ultrastable oscillator, and orbit error. The accuracy depends somewhat on the orbital configuration (on the altitude and spacecraft separation, fm example). However, system design is such that the atmospheric mass correction represents the limiting factor when using GRACE measurements to infer changes in water storage on land at wavelengths of •300 km and larger [ Wahr et al., 1998 ].
Errors in estimation of surface pressure result in errors in the GRACE hydrology estimates that will lie somewhere between two end-member contributions. If we assume that there is no aliasing, so that atmospheric pressure errors at periods < 60 days are nullified by GRACE averages, then we need only consider the errors in the 30-day averages of the pressure fields. This is endmember 1. The effect of aliasing high-frequency variations into the GRACE solution is more complicated. A short-period pressure error aliased into the GRACE 30-day averages can affect locations well outside the region where the pressure error was located. These aliasing errors are apt to be smaller than the short-period pressure error because some of that error will indeed be averaged out over each 30-day period. However, for end-member 2 we cannot rule out the worst case scenario that averaging is ineffective, and the RMS error of the 6-hourly pressure fields will be fully aliased into the 30-day hydrology estimates. The largest source of uncertainty in our error estimates derives from the fact that most of the pressure measurements used for comparison were also assimilated into the analyzed fields. Comparisons where the analyzed fields are interpolated to the locations of the assimilated barometric measurements (the "lower bound" estimate) may underestimate the true error be- Note from Figure l0 that the semivariance is approximately independent of distance (i.e., uncorrelated) for angular distances greater than •15 ø. At large separations the root semivariance converges to the RMS of surface pressure over the United States. That largedistance limit is between 6.5 and 7 mbar.
The semivariance decreases with decreasing station separation because the closer two stations are to one another, the more correlated their pressure records will be. 
